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Eastern Mediterranean TransientWe analysed in situ CTD data collected on 36 joint Tunisian–Italian oceanographic cruises in the Tunisia–
Sicily Channel (Cap Bon–Mazara del Vallo section) from 1995 to 2009 in order to identify the water masses
in the region and to estimate the interannual variability of their hydrological characteristics. Besides the
well-known AW (Atlantic Water) and LIW (Levantine Intermediate Water), other water masses have been
identiﬁed though their presence is neither as steady nor as stable as the aforementioned ones. The WIW
(Western Intermediate Water) ﬂows beneath the AW towards the eastern basin while the IW (Ionian
Water), with a highly intermittent character, ﬂows within the subsurface layer towards the western basin.
The ﬂow of subsurface water (WIW and IW) is affected by intense mixing which modiﬁes the water masses,
tending to make them disappear. Moreover, the same hydrological time series produced interesting results
concerning the increase in both temperature and salinity in the Tunisia–Sicily Channel. This trend especially
concerns the deeper layers (LIW and tEMDW, i.e. transitional Eastern Mediterranean Deep Water) and we
hypothesise that this is a direct response to climatic change occurring in the eastern basin.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The Mediterranean Sea is a concentration basin (fresh water input
less than evaporation) that transforms the less salty Atlantic Water
(AW) entering via the Strait of Gibraltar into saline Mediterranean
Water (MW) that outﬂows into the Atlantic Ocean in the deep layer.
It is subdivided into two main basins: the Eastern Mediterranean
(EMED) and the Western Mediterranean (WMED), communicating
through the Tunisia–Sicily Channel (TSC, hereafter). Furthermore,
Mediterranean thermohaline circulation is prone to known inter-
annual variations, such as the Eastern Mediterranean Transient in
the EMED (EMT, 1991–1993; e.g. Roether et al., 1996) and the
Western Mediterranean Transition in the WMED (WMT, since
2005; e.g. Schroeder et al., 2008). The thermohaline circulation
of the EMED is driven at the surface by the eastward path of AW
through the Tunisia–Sicily Channel. The AW then ﬂows in a cyclonic
path around the EMED (Millot and Taupier-Letage, 2005). At inter-
mediate depths in the EMED, two water masses are formed during
winter convection events. They are the Levantine Intermediate
Water (LIW) in the Levantine Basin, and, since 2002, the Cretan216 71732622.
Ismail).
l rights reserved.Intermediate Water (CIW) in the Cretan Sea (Roether et al., 2007).
At deeper levels the Eastern Mediterranean Deep Water (EMDW) is
found, alternately composed of Adriatic Deep Water (ADW) before
and after the EMT and, of Cretan Deep Water (CDW) during the
EMT. These water masses spread and mix in the Ionian Basin before
partly overﬂowing from the TSC into the Tyrrhenian Sea. Millot
(2013) examined the intermediate waters in the EMED and sug-
gested that the outﬂow from the Tunisia–Sicily Channel be renamed
as Eastern Intermediate Water (EIW) in the WMED as reference to
intermediate waters formed in all zones of dense water formation
in the eastern basin, in particular Aegean/Cretan waters.
Early surveys of the Mediterranean Sea date from the beginning of
the 20th century (Nielsen, 1912). In the past two decades the TSC has
attracted considerable attention among the oceanographic communi-
ty, motivated by the role it plays in the exchange between the eastern
and the western basin of the Mediterranean Sea. The most signiﬁcant
event affecting this exchange, the Eastern Mediterranean Transient,
consisted of an abrupt change in thermohaline that occurred between
the end of the 80s and the beginning of the 90s (Malanotte-Rizzoli et
al., 1999). This shift in the deep water formation region from the
Adriatic to the Aegean Sea produced great amounts of a very dense
water mass replacing the resident EMDW. Inducing the uplifting of
the older Ionian deep waters towards shallower layers, the EMT con-
siderably modiﬁed the characteristics of the water masses ﬂowing
15S. Ben Ismail et al. / Journal of Marine Systems 135 (2014) 14–28through the TSC. On the other hand, while observational evidence
gathered since has contributed to a more detailed deﬁnition of the gen-
eral aspects of the circulation, important questions remain due to a pau-
city of data in critical regions and to a complexity of dynamic structures.
The surface layer of the TSC is mainly comprised of the AW coming
from the Atlantic Ocean through the Gibraltar Strait. Surface circulation
is subject to signiﬁcantmesoscale variability and to bottom topography
effects which create highly complex patterns (Sammari et al., 1999).
The main feature describing the surface circulation pattern is the pres-
ence of two AW ﬂows: the ﬁrst meanders along the southern Sicilian
coast and is referenced as the Atlantic Ionian Stream (AIS) (Robinson
et al., 1999). The second (the Atlantic Tunisian Current: ATC) (Ben
Ismail et al., 2012 Poulain and Zambianchi, 2007), ﬂows along the Tuni-
sian coast. Intermediate circulation ismainly occupied by the LIWwest-
ward path around the under-sea mountains of the EMED before
crossing the channel through the Malta Sill as a strong narrow jet at a
depth ranging from 250 to 350 m. A deep layer in the TSC is occupied
by a speciﬁc water mass called the Adriatic/Aegean Intermediate
Water (AIW) by Sammari et al. (1999), referring to its possible origin
in these seas, while Klein et al. (2004) called it CIW, thus suggesting
the Aegean Sea as its only source. This water mass has also been
named transitional Eastern Mediterranean Deep Water (tEMDW
e.g., Sparnocchia et al., 1999). Following the indication of Pollack
(1951) and the proposal of Astraldi et al. (2002), the tEMDW is a part
of the upper deep layer of the Ionian Sea, entering the eastern sill of
the TSC and sinking to its bottom due to its higher density, and then
following the bottom topography as a dense and deep current. After
the TSC, the EIW (both LIW and tEMDW) enters the Tyrrhenian Sea
in two independent veins (Astraldi et al., 2002). Sparnocchia et al.
(1999), demonstrated that the tEMDW, being denser than the resident
water, sinks and then generates an intense cascade as it descends to
depths ranging from about 200 tomore than 1500 m. An updated sche-
matic illustration of the basic trajectories of all water masses ﬂowingAW LIW tEMDW
Fig. 1. Schematic illustration of the main pathways of the principal water masses ﬂowing
Numbers indicate bottom depths.through the TSC (Fig. 1) shows the complexity of the pattern regulating
the exchange between the EMED and the WMED.
In this study, which is an extension of previous studies of the TSC
(Astraldi et al., 2002; Ben Ismail et al., 2012; Gasparini et al., 2005),
we attempt, on the basis of high resolution data, to identify the different
water masses in the channel and to determine the interannual variabil-
ity of their hydrological characteristics. We thus analysed in situ data of
combined CTD casts collected on 36 Tunisian–Italian oceanographic
cruises in the TSC covering the period from 1995 to 2009.2. Datasets and methods
2.1. Study area
The TSC is a relatively wide channel (140 km) between Sicily and
Tunisia, characterised by a complex topography with two sill systems
separated by a deep intermediate basin. The eastern sill has a maxi-
mal depth of 400 to 500 m and connects the channel with the Ionian
Basin, while the centre of the region reaches a depth of more than
1500 m. The western sill consists of two adjacent passages, the
Tunisian passage and the Sicilian passage (Fig. 3B) whose maximum
depths are 500 m respectively. In addition, the strained diplomatic
relations between Tunisia and Italy make it difﬁcult to examine the
whole channel, obliging Tunisian and Italian scientists to study only
the part of the channel belonging to their own country (Ben Ismail
et al., 2012; Gasparini et al., 2005; Schroeder et al., 2008). To ﬁll the
gap in this key region and strengthening the idea that we share
with our Italian colleagues as to the importance of sampling the en-
tire Cap Bon–Mazarra dell Vallo section, we have combined all our
data collected during an intensive ﬁeld study carried out in past
years as part of national cooperative research programmes and European
projects in our study area from 1995 to 2009.through the Sicily Channel: AW (blue line), LIW (red line) and tEMDW (purple line).
Fig. 2. Tunisia–Sicily Channel with the investigated hydrographic network: (A) distribution of proﬁles, red dots indicate the positions of R/V Hannibal stations; blue dots indicate the
positions of the R/V Urania stations, (B) number of proﬁles of monthly and yearly distributions of the 526 proﬁles available for the study period.
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2.2.1. CTD data
The in situ data used in this study consist of 526 CTD casts, extracted
from a total data base ofmore than 1200 CTD proﬁles (Fig. 2A), and col-
lected on more than 36 cruises carried out in the TSC over the 15-year
period from 1995 to 2009. Table 1 presents a list of oceanographic
cruises and CTD stations that produced the in situ data used in this in-
vestigation. Fig. 2B shows the number of data proﬁle obtained fromeach particular month and year in the Cap Bon–Mazarra del Vallo sec-
tion. There is a slight trend toward a higher sampling in the spring
and fall months with a dramatic decrease during winter (no data avail-
able in February). The period 2003–2009 seems to be themost sampled
period, due to the intensive investigation on board R/V Hannibal
(INSTM). In 1995 and 1996 (see Sammari et al., 1999) sampling was
conducted over 12 h at 7 equidistant stations (5 mi). In 2003, we
conducted a very high spatial resolution sampling at the 12 stations
by reducing the distance between them (from 5 to 2.5 mi) and
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Fig. 3. SESAME cruise in September 2008. (A) Hydrographic stations performed on board both R/V Hannibal (dots) and R/V Urania (triangle). The red dots indicate the positions of
the C01 and C02 moorings. (B) Detailed topography along the Cap Bon–Mazara del Vallo section with the CTD cast position.
17S. Ben Ismail et al. / Journal of Marine Systems 135 (2014) 14–28sampling over 24 h (data described in Ben Ismail et al., 2012). It is note-
worthy that we have kept this sampling strategy over the following
years. In 2005 we similarly sampled 3 additional stations. Starting in
2006 we extended sampling to the eastern Tunisian coast in an effortto describe the newly identiﬁed water masses before reaching the Tp
in the western sill of TSC (Fig. 2B).
A SeaBird electronics SBE 19/plus CTD proﬁler was used to collect
all the data sets used in this study. The Tunisian probe was calibrated
Table 1
Year, month and total number of CTD stations during INSTM and ISMAR cruises.
Year Period R/V Total number
of CTD station
Name of
the cruise
1995 April/May/June/ Hannibal 46 Salto 1
1996 April/may/October/
November/December
Hannibal 26 Salto1
1997 January/October – 50 Sismer
1998 May – 25 Sismer
1999 November – 13 Sismer
2000 July Urania 23 DIME2000
2001 December Urania 11 MassFlux
2003 March/April/May/July/
August/October
Hannibal 70 Salto2
2004 June
October
Urania 25 Trends04
Medgoos9
2005 May/June/July
May/November
Hannibal
Urania
69 POEMME/Egypt
Medocc05
Medgoos11
2006 May/August/October
June/October
Hannibal
Urania
57 POEMME/Egypt
Mebiodm
Medocc06
2007 March/July
October
Hannibal
Urania
38 POEMME/Egypt
Medocc07
2008 September
March/September
Hannibal
Urania
37 SESAMEtu
Sesameit3/sesameit5
2009 March/November
May
Hannibal
Urania
36 SESAMEtu
Thyrrmounts
18 S. Ben Ismail et al. / Journal of Marine Systems 135 (2014) 14–28by the manufacturer each year, while the Italian one was calibrated at
the NURC in La Spezia before and after each cruise. The accuracy of
the CTD's sensors is 0.002 °C for temperature and 0.005 S/m for con-
ductivity. In addition, during this period and as part of the SESAME
project, Tunisian and Italian researchers simultaneously undertook
two cruises covering the entire Cap Bon–Mazarra del Vallo section
(in September, 2008; Fig. 3A), with the Tunisians starting from Cap
Bon aboard the R/V Hannibal, while the Italians started from Mazara
del Vallo aboard the R/V Urania. Fig. 3B illustrates the complex topog-
raphy characterising the western sill: the Tunisian passage and the
Sicilian passage are represented with the R/V Hannibal stations in
red (from 1 to 15) and the R/V Urania stations in blue (station one
is the ﬁrst at left).
2.2.2. Mooring data
Two mooring Fig. 3 stations were deployed in the two passages of
the western sill of the Tunisia–Sicily Channel at coordinates 37° 22′
54″ N/011° 35′ 37″ E and 37° 17′ 13″ N/011° 29′ 59″ E, respectively
(C01 and C02, hereinafter). Simultaneous data collected between Octo-
ber 2004 and December 2010 at both stations have been used in this
study. These stations are equipped with an upward-looking moored
ADCP to monitor the upper part of the water column, three point-
wise current meters in the lower layer and an autonomous CT probe
at 100 m above the seaﬂoor to monitor the hydrological properties of
the deeper waters ﬂowing into the western basin.
2.2.3. Vessel mounted ADCP data
The hydrographic data set collected from the R/V Urania during
the SESAME project (2008 cruises) has been integrated with direct
current measurements, carried out with a vessel-mounted ADCP.
During the whole campaign a VM-ADCP (RDI Ocean Surveyor,
75 kHz) was used for direct measurements of the currents along the
whole ship track. The depth range of the current proﬁler is about
700 m. A revealing index of the quality of the ADCP data is the
so-called percent-good, i.e. the percent of pings received with a
noise-to-signal ratio below a certain threshold. In our case, with opti-
mal sampling conditions, the percent-good is very high above 500 m
(98–100%), decreasing slowly down to 600 m (~90%) and more
rapidly from then on, reaching the lowest rates at 700 m (~85%).The ADCP data has been submitted to a post-processing with the
CODAS3 Software System (Firing et al., 1995), which allows extracting,
assigning coordinates, editing and correcting velocity data. Data were
corrected for errors in the value of sound velocity in water, and
misalignment of the instrument with respect to the axis of the ship.
3. Results
3.1. Water masses and hydrology
3.1.1. Surface layer
The vertical distribution of the thermohaline parameters in
September 2008 along the Cap Bon–Mazara del Vallo section is shown
in Fig. 4A. The low salinity values in the surface show that a stream
ﬂowing along the Tunisian coast feeds the AW in this region. In the cen-
tral part of the same section, another streamwith a relativeminimum is
detected near the Sicilian coast. This pattern differs from the one found
by Sammari et al. (1999) and Astraldi et al. (2002) who observed a
unique AW ﬂow spreading throughout the channel, with a salinitymin-
imumnear Tunisia, but conﬁrms some recent observations (Gerin et al.,
2009; Poulain and Zambianchi, 2007) that emphasise that the AIS is
energetic in the channel, especially in summer. However, the vertical
distribution of VM-ADCP currents along the Cap Bon–Mazara del Vallo
section in September 2008 (Fig. 5B) shows that there is a recirculation
within the eastern core of AW. This supports the ﬁndings recently re-
ported by Ben Ismail et al. (2012) based on current analysis and
model simulation in our study area.
Between the AW and the LIW, we observed in May 2005 along a
signiﬁcant portion of the Tunisian passage (Fig. 4C) a cold water
(θ b 13.8) at a depth of 100–200 m corresponding to a salinity of
37.9–38.2. Recently, Ben Ismail et al. (2012) observed this new
water mass within the transitional layer (between the surface and
the intermediate layer) in the Cap Bon–Mazara del Vallo section, dis-
tinguished by a relative minimum of temperature at the bottom of the
AW which has been associated to the Western Intermediate Water
(WIW) (Salat and Font, 1987). Our data are in agreement with
these results and conﬁrm the entrance of the WIW into the Tunisia–
Sicily Channel.
In the central part of the section (between 35 and 50 km from the
Tunisian coast), a warm and relatively fresh water was observed in
March 2009 (Fig. 4D). It is positioned between 100 and 200 m depth
at its widest point, but the core is found at 120–160 m depth. Its signa-
ture changes signiﬁcantly with time, being well developed andwarmer
in winter and less marked in summer and fall. This water which has
been associated to the Ionian Water, IW (Lermusiaux and Robinson,
2001), is characterised by a relative maximum temperature Tmax
(14.6–14.8 °C) and corresponds to the isopycnal 28.7. Its characteristics
are very similar to those observed in March 2003 by Ben Ismail et al.
(2012). From March to May 2008, current measurements at the ADCP
C02 location (Fig. 3) cover the overall water column, with the highest
resolution within the ﬁrst 280 m. Fig. 5A shows the stick plot at
150 m and 170 m depth. We observe that the current is directed
north-eastward. The vertical distribution of VM-ADCP currents
(Fig. 5B) also shows a current coming out of the channel at about 100
to 150 m below the AW, which may conﬁrm the hypothesis that the
IW ﬂows toward the WMED.
Our data show that the presence of the newwater masses recently
observed in the TSC is interannually permanent but with high season-
al and spatial variability.
3.1.2. Intermediate and deep layers
The complex bathymetry that characterises the entire channel is a
driving deep force of EIW ﬂows. It divides into two veins which pro-
ceed to cross the channel in two streams whose cores can be found on
each side of the ridge. Fig. 4A shows that the core of the LIW is at
about 230 m depth and located 35 km from the Tunisian coast.
38.846
13.868
C D
A B
Fig. 4. Vertical hydrographic distribution at the Cap Bon–Mazara del Vallo section (Fig. 3A): (A) salinity and (B) potential temperature (°C) during September 2008 (the smallest
numbers indicate signiﬁcant salinity and temperature values of LIW and tEMDWwater masses at different levels in the section's water column), (C) and (D) vertical distribution of
potential temperature (°C) during June 2005 March 2009 respectively.
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Ismail Hamouda et al., 2010) we conﬁrm that the LIW core is present in
thewider Tunisian passage aswell as in the eastern passage. Fig. 4B also
shows the presence of a deepwatermass, much colder than the LIW, at
the bottom on the Tunisian side of the channel.
The tEMDW is characterised by an absolute minimum of tempera-
ture and relatively fresher salinity within the 100 m above the seaﬂoor
near the Tunisian slope and thus does not mix with the bottom EMED.
We identiﬁed it over the entire study period, along with the other
water masses indentiﬁed in the Tunisian passage. Inside the central
basin of the channel, the westward ﬂow of LIW is observed along the
Tunisian slope, in fact, the hydrographic characteristics in the central
part of the channel (not shown), conﬁrm the presence of the LIW in
the central basin with isohaline inclinations towards the Tunisian
Plateau at about 200–400 m depth. This is in agreement with the circu-
lation pattern depicted by Lermusiaux and Robinson (2001).3.1.3. θ-S diagram
The θ-S diagram shown in Fig. 6 is the result of ﬁfteen cruises that
took place in 2003, 2005, 2006, 2007, 2008 and 2009 that, in different
seasons, covered the Tunisian passage from Cape-Bon to 60 km off the
Tunisian coast. It represents a zoomon the deep layer and shows a signif-
icant change in the hydrographic characteristics of the intermediate and
deep water masses over time. In fact, on the left side of Fig. 6, the blue
and red scatter plot shows the results from the cruises conducted in
2003 and 2005. The LIW characteristics in 2003 were equal to Smax =
38.795 and θ = 14.2 °C. In 2005 we observed a notable decrease of
LIW salinity with the maximum salinity recorded, Smax = 38.775,
whereas for temperature we observed no variability within the LIW. Re-
garding the deepwaters, tEMDW indicates a low temperature and salin-
ity signature in both 2003 and 2005, indicating a low water volume of
tEMDW in the TSC in comparison to observations carried out in the
same section in 1995 (Sammari et al., 1999). Comparing with the 2006,
NA
B
Fig. 5. (a) Stick diagrams of the currents from March to May 2008 measured by ADCP C02 in the Tunisia–Sicily Channel (Fig. 3). Tidal oscillations were removed by the use of a low
pass ﬁlter. (b) Vertical distribution of VM-ADCP currents along R/V Urania cruise section (Fig. 3a) during September 2008.
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temperature with an absolute salinity maximum of 38.85 and tempera-
ture reaching 14.3 °C is recorded in 2008. As for the tEMDW, observa-
tions demonstrate that water ﬁlls the bottom of TSC with an absolute
temperature minimum of 13.79 °C, recorded in 2006 at 340 m depth,
and a salinity of 38.78. The great differences between LIW characteristics
and the dense water indicate that, compared to 2003–2005, in 2006–
2008 we have an important volume of tEMDW in TSC. We noticed a
high interannual variability in this region, which encouraged us to
explore it from 1995 onwards so as to better understand climate change
effects on the intermediate and deep Mediterranean waters.
3.2. Interannual variability
In this section we discuss the interannual variability of the differ-
ent layers, using the joint Tunisian–Italian dataset.3.2.1. Surface and transitional layers
The minimum of salinity (Smin hereafter) is used to evaluate the
AW variability: for this we considered stations 3and 4 (in red in
Fig. 3B) and station one (blue in Fig. 3B). The high mesoscale and sea-
sonal variability of AW, combined with a complex surface pattern,
makes it hard to assess signiﬁcant changes in the hydrological proper-
ties of this layer. Even so, our data set from near the Tunisian coast
showed that absolute Smin is generally found, allowing us to deter-
mine both the AW core and its vertical and horizontal extensions
(Ben Ismail et al., 2007; Sammari et al., 1999). The Smin temporal evo-
lution (Fig. 7A) shows a salinity limit of the AW core ranges from 36.9
to 37.45. Smin variability from 1995 to 2009 shows strong seasonal
variability, displaying minimum property values in spring. The data
are centred (relative to the mean in blue) in Fig. 7B and we have
added a 10th order polynomial regression so as to obtain the
interannual signal. An interannual increase in minimum salinity
Fig. 6. θ-S diagram on the Tunisian passage of the Tunisia–Sicily Channel, constructed
with the data collected during different cruises carried out by the R/V Hannibal: in
2003 (blue), 2005 (red), 2006 (green), 2007 (plate blue), 2008 (magenta) and 2009
(rose).
Fig. 7. (A) Time evolution of the Smin (core of AW) characteristics in the Tunisia–Sicily
Channel from 1995 to 2009. (B) Trend of Smin: the blue line is the salinity time series
anomalies, the violet line denotes the interannual signal and the green line shows the
linear trend of the time series values of salinity.
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The annual mean (not shown) highlights this trend which is more
signiﬁcant after 2003. This increase may be due in part to the fact
that we sampled the channel more during the summer cruises (see
Fig. 2B), when most of the data was collected. In fact, the Smin is
well correlated with the temperature and we observe that the Smin re-
cord follows the evaporation rate, rising considerably due to the high
temperature recorded in the study region.
Furthermore, our results are in agreement with a recent study
(Millot, 2007), which examined the interannual variability of the
Mediterranean inﬂow at the Strait of Gibraltar and reported an in-
creased salinity in the inﬂowing water between 2003 and 2007. Below
the AW, the WIW shows a signiﬁcant interannual variability between
2003 and 2005. The θ-S diagram representing the potential temperature
versus salinity (Fig. 8A) within station 5 (Fig. 3B), shows that in May
2005 a high volume of WIW entered the channel with an absolute
potential temperature minimum at 140 m depth equal to 13.6 °C corre-
sponding approximately toσθ = 28.5. Its characteristics are very similar
to theWIWobserved by Budillon et al. (2009) in the Tyrrhenian Basin in
2005. The temporal evolution of the thermohaline characteristics of the
WIW between 1995 and 2009 is illustrated in Fig. 8B (we constructed
this evolution by considering station 5 (in red) and the ﬁrst station (in
blue) from the left, Fig. 3B). Following the coldest temperature, we
noted that it appears in 1995, 2000–2003, in 2005–2006 and in 2009.
The IW is well identiﬁed only during the March cruises of which there
are four in our study period (March 2003, 2007, 2008 and 2009).
Fig. 8C shows the θ-S diagram of the hydrographic characteristics of
the water column in the TSC observed in March 2003 and March 2009.
We observed no signiﬁcant modiﬁcation of IW characteristics. Also for
the IW the time evolution was based on a speciﬁc station between 38
and 48 km from the coast (Fig. 3B). We observe that this mass is also
present in summer but it is hardly identiﬁed by its temperature. It also
shows three peaks along the period studied: one in 1996 and one from
2003 to 2004 and the third in 2007–2008. What is interesting to note
is that the low temperature observed in 2005 is due to the strong pres-
ence of WIW in this year. The extended cruise of March 2007 along the
entire Tunisian coast enabled us to observe a large amount of this warm
water off the shore of the Gulf of Hammamet (not shown), conﬁrming
the hypothesis of Lermusiaux and Robinson (2001) and Ben Ismail et
al. (2012) concerning IW circulation along the Tunisian slope.
3.2.2. Intermediate and deep layers
The western sill region is characterised by a peculiar topography
reducing the Cape Bon–Mazara del Vallo section to two narrow sillsbelow 200 m depth (Fig. 3B), with a maximum depth of about
500 m. The vertical salinity distribution (Figs. 4 and 9) during the ex-
amined periods shows that, the highest salinities are found mostly on
the Tunisian side. The interface between the surface and the interme-
diate layers is found at approximately 200 m depth. Our study period
corresponds to the post EMT phase (from 1995 to 2009). As shown
below, the selected years represent three different situations in the
post EMT phase. During November 1996, Smax is 38.75 at about
300 m depth, but, going deeper, the salinity decreases to values
below 38.735: this is a period of low salinity and temperature in the
channel. During June 2005, the salinity maximum increased and
reached 38.775, again at a depth of about 300 m, while the salinity
at 500 m depth (38.765) is higher than the Smax value of November
1996 at 300 m. During July 2007, very salty water ﬁlled the region
below 200 m depth and Smax reached 38.845 at about 230 m depth,
this feature is enhanced in 2008 during SESAME cruises (Table 1). A
very similar pattern was recently reported by Gacic et al. (2013) at
the eastern entrance of the TSC, comparable to that found by
Gasparini et al. (2005) in May 1992 at the EMT of the channel.
The temporal evolution of temperature, salinity and density as a
function of the Smax vein in the western sill of the TSC (Fig. 10A),
shows a slow decrease of salinity from 1995 to 1997, but starting in
1997, a slow increase is observed until 2003. From 2003 to 2005 we
Fig. 8. WIW and IW interannual variabilities in the Tunisian passage of the Channel. A) θ-S diagram during different periods ((blue) 2003, (red) 2005, (green) 2006, (violet) 2007
and (magenta) 2008) using a representative station (the station 5 in Fig. 3B). (B) Hovmoller diagram of the in situ temperature, salinity and density of the WIW, using stations 5
(Fig. 4C) and 1 and 2 (blue in Fig. 3B). (C) θ-S diagram during March 2003 (blue) and March 2009 (pink). (D) Hovmoller diagram of the in situ temperature, salinity and density of
the IW, using stations 11 (Fig. 4D) and 4 (blue in Fig. 3B).
22 S. Ben Ismail et al. / Journal of Marine Systems 135 (2014) 14–28observed an enhancement of this tendency. The salinity reached its
maximum in 2007 and 2008 (Smax = 38.83). The Smax temperature
was approximately 13.7–13.8 °C from 1995 to 1997. It then slowly in-
creased until 2005 from 13.8 to 14.2, suddenly decreasing in 2006 to
13.9 °C and then suddenly increasing again to 14.4 in 2007 and 2008
which is the highest value recorded since 1986 (Gasparini et al.,
2005). We observed that the decrease of temperature in 2006 corre-
sponds to an increase of density while the signiﬁcant increase ob-
served in 2007 and 2008 had relevant consequences on densitywhich had reached its lowest value since 1995. On the other hand,
our study region is highly concerned by the tEMDW dense water
mass characterised by the absolute minimum of temperature at the
bottom and toward the Tunisian side of the sill. The temporal evolu-
tion of temperature, salinity and density as a function of the θmin
vein of the western sill of the TSC (Fig. 10B) shows a high amount
of tEMDW in 1995 in the channel (Sammari et al., 1999) with the ab-
solute potential temperature minimum value (θmin = 13.65 °C)
obtained during the 15-year study. From 1996, a progressive increase
June 2005
November 1996
July 2007
23S. Ben Ismail et al. / Journal of Marine Systems 135 (2014) 14–28of minimum temperature in the bottom layer was observed until
reaching its highest value in 2003 (θmin = 14 °C). The temperature
abruptly decreased in 2006 at about 13.79 °C, with a relevant increase
in density reaching 29.16. This conﬁrms the enhancement of the pas-
sage of a signiﬁcant volume of tEMDW through the TSC as in 1995. A
complete view of the evolution of the temporal vertical structure
(Fig. 11), which conﬁrmed the previous characteristics, shows a pro-
gressive increase in salinity. Gacic et al. (2013) discussed this
interannual behaviour in terms of propagation of the signal of oscilla-
tions in the Ionian Sea due to the so-called Adriatic–Ionian Bimodal
Oscillating System (BiOS). Fig. 12 shows a comparison of temperature
and salinity time series obtained at the two mooring stations
deployed in the two passages of the western sill of the TSC (described
in Section 2.2.2). Temperature records exhibit a common seasonal
pattern at both locations with warmer waters ﬂowing through the
Sicilian passage throughout the study period, with an interannual
signal that seems to emerge. Furthermore, the temperature at the
C02 location is similar to that observed in our CTD data for the same
period, i.e. 2004–2009 (θmin, Fig. 10). However, salinity records
present two different patterns with a weaker seasonal signal and
strong interannual variability. Similar values are obtained in both
moorings until June 2007, whereas saltier waters are ﬂowing through
the Sicilian passage from October 2007 to October 2009. We observed
the same pattern between C02 and CTD data, with, however, a higher
Smax than salinity recorded at C02 (Fig. 10a). This difference may be
attributed to depth variability since CTD-Smax salinity is recorded
between 200 and 350 m while that at C02 is at about 400 m.
In order to highlight the long-term variability of the TSC outﬂow,
the anomalies and trend analysis of the LIW and tEMDW are shown
in Fig. 13. Obviously, both LIW and tEMDW salinities exhibit upward
trends. Both water masses showed an increase in temperature more
perceptible in LIW than in tEMDW. In 1995–2009, an increase in sa-
linity and temperature was estimated to 0.02 and 0.05 °C respective-
ly. The density trend of the two water masses present two different
patterns. In fact, we observe for LIW high ﬂuctuations and a general
tendency to decrease, while tEMDW density doesn't show any
trend, most likely attributed to compensation by salinity and temper-
ature. There is a decadal salt and heat accumulation at intermediate
levels, induced by the arrival of the EMT (Astraldi et al., 2002;
Gasparini et al., 2005). The salt content of the LIW is an important fac-
tor controlling the deep water formation in the EMED, probably
explaining the high heat and salt content of the new deep water en-
tering the channel in 2007–2008, which is consistent with the pro-
nounced presence of LIW in the channel (Fig. 11) also observed in
Fig. 12. This result supports the ﬁnding of Gacic et al. (2013).
4. Discussion and conclusion
Our 15-year study of hydrographic data sequences, gathered in
the key region that is the TSC which controls the entire thermohaline
circulation of the Mediterranean, provides new information on the
hydrographic characteristics of the entire water column and high-
lights how the water masses have modiﬁed their characteristics dur-
ing the past 20 years (Gasparini et al, 2005). In addition, it provides
evidence of a peculiar and persistent feature, recognised as two new
water masses between the AW and LIW. The collections of several
CTD proﬁles in the same transect over the 15 years show the impor-
tance of interannual variability in the study region. Long-term moni-
toring of the hydrological properties of the exchanged ﬂows in this
area is a very important issue in studies of climatic variability and
trends in the Mediterranean Sea, the Tunisia–Sicily area being a
privileged monitoring place to observe changes there. The scarcityFig. 9. Vertical distribution of salinity in the Tunisia–Sicily Channel (Fig. 1), (A) in
November 1996, (B) June 2005 and (C) July 2007. Arrows indicate vertical proﬁles
used in Fig. 10.
24 S. Ben Ismail et al. / Journal of Marine Systems 135 (2014) 14–28of appropriate time series throughout the Tunisian section is the prin-
cipal cause for the persisting questions about interannual variability
of AW and its governing mechanisms. The study of Smin variability ap-
pears to support the hypothesis of an AW salinity increase after 2003.
The temperature associated with Smin shows the important inﬂuence
of atmospheric effect on the AW and highlights the strong seasonal
and mesoscale variability that governs this water mass (Sammari et
al., 1999). The main intent of this study is to furnish evidence, for
the ﬁrst time, of the critical role played by the Tunisian passage andA
Smax
σ(Smax)
T(Smax)
Fig. 10. (A) Time evolution of LIW characteristics in the Tunisian passage, using qualiﬁed s
column of 100 m below Smax. Bar indicates the standard deviation. (B) Time evolution o
Fig. 4). Vein characteristics are computed by averaging from 350 m to the bottom.its thermohaline characteristics in inﬂuencing the overall dynamics
of the Tunisia–Sicily Channel. Until now this part of the channel was
the least sampled and our study draws attention to the necessity to
observe the entire section between Tunisia and Sicily and especially
the Tunisian passage. In fact, our study shows that the signature of
the WIW occupies a wide portion of the section and is, in reality,
constrained by the Tunisian slope topography. This feature was very
strong in the 2005 data, suggesting a noteworthy presence of this
water mass in relation to the Tunisian entrance to the channel.tations (arrow in Fig. 9). Vein characteristics are computed by averaging over a water
f tEMDW characteristics in the Tunisian passage, using qualiﬁed stations (arrow in
θmin
σ(min)
S(θmin)
B
Fig. 10 (continued).
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production (Lopez-Jurado et al., 2005; Schroeder et al., 2006, 2008)
and the relevant presence of the WIW appears to be in agreement
with conditions observed in the Tyrrhenian Basin during 2005
(Budillon et al, 2009).
Many unanswered questions remain concerning the new interme-
diate deep water characteristics. Further investigations are needed to
verify how the new deep water will pass the complex topography of
the eastern sill to reach the central basin of the TSC. The vertical prop-
erty distributions along the central transect in 2008 gave evidence of
the same hydrographic properties. The comparison of data collected
in 2006, 2007 and 2008 suggests that, starting in 2007, almost theentire Tunisia–Sicily Channel has been ﬁlled with these water masses
particularly high in salt content. The increased salinity enhanced salt
preconditioning in the dense water formation sites, leading to an in-
creased EMDW formation rate, thus contributing to trigger the EMT.
It may be that such modiﬁcation of the thermohaline characteristics
of water masses in the EMED is the ﬁrst explanation of the patterns
observed in the TSC. The marked interannual variability investigated
in our study region could also be probably linked to the BiOS dynam-
ics (Gacic et al., 2013), although other dynamical processes could take
place. Anyway, this fact needs to be investigated further.
Although the Tunisia–Sicily Channel has undergone several inves-
tigations, it is still subject to further studies of its dynamics and
Fig. 11. Hovmoller diagram of the in situ hydrographic characteristics in the Tunisia
passage region from 200 to 500 m depth, using a mean of representative stations
(from 38 to 48 km off the Tunisian coast, Fig. 3b).
26 S. Ben Ismail et al. / Journal of Marine Systems 135 (2014) 14–28various water bodies. In fact, if AW and LIW have long been well iden-
tiﬁed, in this study we have conﬁrmed that the LIW core is present in
the Tunisian passage as well. This result differs from that of Astraldi et
al. (2002) and Gasparini et al. (2005) who indicated that the LIW core
ﬂows only along the Sicilian passage. Our ﬁndings are in accordance
with numerical experiments (Pierini and Rubino, 2001) showing
that the LIW is advected as a baroclinic coastal current, constrained
by the sharp topography represented by both the Tunisian Plateau
and the Skerki Bank that outline a curved valley, forcing the LIW
and tEMDW to deviate their route northward at the top of the main
western sill. This route is in agreement with the circulation along
the slope illustrated by Millot (1999). Other authors (Pierini and
Rubino, 2001; Sorgente et al., 2003) consider that a part, if not all,
of the outﬂow proceeds directly into the Sardinia Channel following
a cyclonic circulation mainly determined by bottom topography.Furthermore, comparison of our results for intermediate and deep sa-
linity time evolution with those presented recently by Gacic et al.
(2013) for the eastern entrance to the Tunisia–Sicily Channel appears
to indicate that we were observing the same patterns, with one set of
data recorded in the central part of the Channel and the other in the
Tunisian passage (station 10). This ﬁnding conﬁrms that the LIW en-
ters the Tunisia–Sicily passage without losing its speciﬁc characteris-
tics during the transition in the central ‘buffer’ area.
This investigation allowed us to highlight new and relatively sta-
ble water bodies whose seasonal presence is almost permanent. The
presence of WIW, IW and tEMDW within the Tunisia–Sicily Channel
possibly indicates more multifaceted dynamics within our study
area. Indeed, these water bodies have been listed in previous works
(Astraldi et al., 2002; Ben Ismail et al., 2012; Béranger et al., 2008;
Lermusiaux and Robinson, 2001), but their presence seemed to be
conﬁned to the Tunisian side of channel. This investigation thus dem-
onstrates their permanent presence in the Tunisia–Sicily Channel and
their typical characteristics which are affected by interannual vari-
ability. Investigation of high numerical model outputs may give us ad-
ditional information about their origin and ﬂow. This will be
undertaken in future studies in this area.
Another feature of this work is the rapid increase in salinity after
2005, affecting the LIW and tEMDW more than AW. Several assump-
tions may be made about the main cause of this increase. Taking as a
reference certain recent works (Beuvier et al., 2010; Rixen et al.,
2005), we think that this phenomenon may, at the least, be attributed
to a combination of two factors. The ﬁrst is in relation to the climatol-
ogy of the EMED, while the second is certainly one of dynamics since
it is based on hydrodynamic processes capable of draining a greater
amount of saline water into the Tunisia–Sicily Channel from its initial
source.
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Fig. 13. Trends of hydrographic properties of LIW (at 200–350 m) (left) and tEMDW (at 350–500) (right).
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